A B S T R A C T Homogentisic acid inhibits the in vitro activity of chick embryo lysyl hydroxylase, a microsomal enzyme which catalyzes the transformation of certain lysyl residues in collagen to hydroxylysine. Chick embryo lysyl hydroxylase activity was measured as specific tritium release as tritium water from a [4,5-3H]lysine-labeled unhydroxylated collagen substrate prepared from chick calvaria. Kinetic studies revealed a linear, noncompetitive type of inhibition with respect to collagen substrate with a Ki of ,uM. The inhibition by homogentisic acid was reversible in that enzyme activity could be restored after dialysis of preincubated mixtures of homogentisic acid with enzyme or substrate. The inhibition by homogentisic acid was competitive with respect to ascorbic acid, and the addition of reducing agents, such as ascorbic acid or 1,4-dithiothreitol, protected lysyl hydroxylase activity from homogentisic acid inhibition.
A B S T R A C T Homogentisic acid inhibits the in vitro activity of chick embryo lysyl hydroxylase, a microsomal enzyme which catalyzes the transformation of certain lysyl residues in collagen to hydroxylysine. Chick embryo lysyl hydroxylase activity was measured as specific tritium release as tritium water from a [4,5-3H] lysine-labeled unhydroxylated collagen substrate prepared from chick calvaria. Kinetic studies revealed a linear, noncompetitive type of inhibition with respect to collagen substrate with a Ki of ,uM. The inhibition by homogentisic acid was reversible in that enzyme activity could be restored after dialysis of preincubated mixtures of homogentisic acid with enzyme or substrate. The inhibition by homogentisic acid was competitive with respect to ascorbic acid, and the addition of reducing agents, such as ascorbic acid or 1,4-dithiothreitol, protected lysyl hydroxylase activity from homogentisic acid inhibition.
In organ cultures of embryonic chick calvaria, biosynthesis of hydroxylysine-derived intermolecular collagen cross-links was inhibited in a dose-dependent manner by 0.5-5 mM homogentisic acid. Because homogentisic acid inhibits the formation of hydroxylysine in a cell-free assay and in organ cultures, this compound must pass into the cells of calvaria to inhibit intracellular hydroxylysine formation and subsequently to diminish the reducible intermolecular cross-links of the newly synthesized collagen. We 
INTRODUCTION
Hydroxylysine, an essentially unique amino acid found in collagen, is critically important for the structural function of collagen. As the major constituent of most connective tissues, collagen supports the structural integrity of the body by the remarkable tensile strength of the collagen fibers. This stability results from the unique configuration and attachment of collagen molecules *to each other. Covalent cross-links are formed between hydroxylysine side chains and hydroxyallysine or allysine to lock collagen molecules into place (1) (2) (3) . These intermolecular covalent linkages prevent slippage of adjacent molecules to maintain high tensile strength. In addition, hydroxylysine is an attachment site for carbohydrate to collagen, as galactose and glucosylgalactose are 0-glycosidically linked to hydroxyl groups of various hydroxylysine residues (4, 5) . Although the effect of glycosylation of hydroxylysine on cross-link formation is not entirely understood, the isolation of collagen cross-links with carbohydrate derivatives implies some functional or regulatory relationship (6, 7) .
Because hydroxylysine participates directly in intermolecular cross-linking, a decrease in hydroxylysine formation would be expected to alter cross-link formation. Hydroxylysine is formed intracellularly as a posttranslational modification of certain lysine residues in collagen by the action of lysyl hydroxylase (E.C. 1.14.11.4) . The in vitro activity of lysyl hydroxylase from chick embryos is inhibited by homogentisic acid, when measured as specific tritium release as tritiated water from an L- [4,5-3H ] lysine-labeled unhydroxylated collagen substrate (8) . Inasmuch as homogentisic acid inhibits hydroxylysine formation in a cell-free assay, we were interested in whether or not homogentistic acid could enter into the cell effectively, inhibit hydroxylsine formation intracellularly, and subsequently diminish intermolecular collagen cross-linking in a tissue culture system. Our present investigations were designed to characterize the inhibition of hydroxylysine formation by homogentisic acid and to determine the effectiveness ofhomogentisic acid as a specific inhibitor of collagen cross-link formation. We propose that the inhibition of lysyl hydroxylase by homogentisic acid may explain the degenerative connective tissue found in patients with alkaptonuria.
METHODS
Purification of lysyl hydroxylase. The preparation of lysyl hydroxylase was modified from the procedure of Kivirikko and Prockop (9) . 100 g of decapitated and eviscerated 16-day-old chick embryos were mixed with 100 ml of 0. during 18 h. The substrate preparation was placed in boiling water for 10 min to remove endogenous enzyme activity. The sample was centrifuged at 15,000 g for 30 min and the supemate was stored at -70°C in 2-ml aliquots. Because different unhydroxylated collagen substrate preparations incorporated varying amounts of labeled lysine residues, each experiment was run with the same substrate preparation. Lysyl hydroxylase activity was measured by a tritiumrelease assay (11) . The incubation mixture contained in a volume of 1.5 ml, (6.0 x 105 dpm) L-[4,5-3H]lysine collagen substrate, 0.5-1.5 mg partially purified lysyl hydroxylase, 50 mM Tris-HCl pH 7.8, 0.5 mM a-ketoglutarate, 0.05 mM FeSO4, 0.5 mM ascorbic acid, 0.1 mM 1,4-dithiothreitol, 2.25 mg bovine serum albumin, 0.15 mg catalase (Calbiochem, San Diego, Calif.). The reaction was initiated by addition of substrate, and samples were incubated at 370C for 90 min. The reaction was terminated by addition of 0.1 ml of 50% TCA. Tritiated water was collected by vacuum distillation. 1.0 ml of the distilled sample was mixed with 10 ml of Aquasol (New England Nuclear) for counting in a Packard Tri-Carb liquid scintillation counter (Packard Instrument Co., Inc., Downers Grove, Ill.). The counting efficiency was 23%.
Collagenase digestion. The newly synthesized collagen content of the substrate was determined from a modified method of Diegelmann et al. (12) . The same procedure was used with 50 U of form III collagenase (Advance Biofacturers Corp., Lynbrook, N. Y.) per assay. The percent collagen present in a portion of analyzed substrate was determined on the basis that chick embryo skin type I collagen contains 3.4% lysine and hydroxylysine residues (13), whereas noncollagen proteins contain 6.5% lysine and no hydroxylysine (14) . The formula of Diegelmann and Peterkofsky (15) was modified to account for the fact that collagen contains 52% fewer lysine residues than other proteins: % collagen = dpm in collagenase digest/ (dpm in residue x 0.52) + (dpm in collagenase digest) x 100.
Inhibition by homogentisic acid. Solutions of 15 mM homogentisic acid (Sigma Chemical Co., St. Louis, Mo.) were prepared with distilled water and 0.1 ml of the homogentisic acid solution was added to the in vitro assay system after addition of all other components. This procedure was followed to obtain the inhibition curves and the kinetic data. with five changes over 48 h. 0.1-ml aliquots were taken for assay, and the incubation mixtures were prepared similarly to those before dialysis. Controls for these experiments were incubation mixtures without homogentisic acid before and after dialysis. Kinetic analysis was performed with a modified assay system without catalase, bovine serum albumin, and 1,4-dithiothreitol. The modified assay system contained 0.7 mg lysyl hydroxylase and 6.6 x 106 dpm/ml unhydroxylated collagen substrate. The system without dithiothreitol, catalase, and albumin gave 83% of whole system activity. The assay was incubated at 37°C for 60 min. All lines were plotted according to least squares method (16) . Analysis of the unhydroxylated collagen substrate preparation by the collagenase-digestion method revealed that 69% ofthe protein was collagen. In an assay with 0.066 ml collagen substrate, approximately 7.5 x 104 dpm or (6.6 x 106 x 0.066 x 0.69 x 1/4) dpm of lysine residues were available for hydroxylation. Based on the premise that 7 of a total 34 lysine residues are hydroxylated (10) , the assay with 0.066 ml substrate released 3,700 dpm which indicated the maximum extent (5%) of hydroxylation.
The effect of excess ferrous ion and a-ketoglutarate was investigated by varying the concentration of ferrous ion from 0.075 to 0.25 mM or that of a-ketoglutarate from 0.75 to 2.5 mM in the complete assay before addition of 0.5 mM homogentisic acid. The effect of ascorbic acid, 1,4-dithiothreitol, D-isoascorbic acid (Sigma Chemical Co.), and dehydroascorbic acid (K & K Laboratories, Inc., Plainview, N. Y.) on homogentisic acid inhibition of lysyl hydroxylase was investigated by adding the reducing agent or ascorbic acid analogue to the modified assay system without catalase, bovine serum albumin, and 1,4-dithiothreitol. This modified assay system contained 0.02 mM ascorbic acid and was incubated at 37°C for 60 min.
Cross-link analysis. Analysis of intermolecular crosslinks was modified from the procedure of Bailey et al. (17) . 18 calvaria from 16-day-old chick embryos were incubated in 3 ml of Dulbecco's lysine-free minimal essential media (Grand Island Biological Co.) at 37°C with 150 ,ug ascorbic acid, 300 U penicillin, and 300 ,ug streptomycin. Four culture systems were prepared: a control without additions, as well as 5 mM, 1 mM, and 0.5 mM homogentisic acid. 20 ,uCi of L-[14C]lysine (New England Nuclear; specific activity 0.1 mCi/ml) was added and the cultures were oxygenated 30 s before continuing incubation at 37°C for 48 h in a shaking water bath. The calvaria were washed in distilled H20 and homogenized in buffered saline (0.9% NaCl adjusted to pH 7.4 with a solution of 1 M Na2CO3) and suspended in 10 ml ofthe same buffer along with 2 mg of sodium borohydride (Sigma Chemical Co.). Reduction proceeded at room temperature for 1 h with occasional stirring, and then a few drops of glacial acetic acid were added to stop the reduction by lowering the pH to 4.0. The samples were dialyzed against 16 liters of distilled H2O at 4°C with one change over 2 days. The samples were lyophilized and 25 mg were hydrolyzed in 6 N HCI for 24 h at 105°C.
Separation and identification of radioactive collagen crosslinks required a modified amino acid analyzer and ion exchange chromatography with pyridine-fonnic acid buffers. Samples were dissolved in 1.0 ml of 0.1 M pyridine-formic acid buffer pH 2.9. Amino acids and radioactive collagen cross-links were eluted from a 0.9-cm x 54-cm column filled with Beckman (Table II) .
Ascorbic acid and D-isoascorbic acid appeared equally effective in restoring lysyl hydroxylase activity at 33.3 and 66.6 ,uM homogentisic acid, whereas dehydrolog I FIGURE 2 Determination of interaction coefficient of homogentisic acid and lysyl hydroxylase in the whole assay system. The coordinates of the plot in Fig. 1 for the whole assay system were used to obtain this line with negative slope = 0.91. Inasmuch as this negative slope is <1, homogentisic acid demonstrates no cooperative interactions. The line was plotted with Vo = 3,675 A dpm and Vi sat = 0 A dpm.
with alkali and aerated to produce its oxidation products and then added to the assay system, the same extent of inhibition of hydroxylysine formation was noted (data not shown).
When the coordinates of the plot for the whole assay system in Fig. 1 are applied to calculate an interaction coefficient (18), the negative slope of the plot (Fig. 2) is <1. This slope (m = 0.91) means that homogentisic acid does not exhibit cooperative interactions in this system. The line is plotted with Vo = 3,675 A dpm and Vi sat = 0 A dpm. The coordinates of the plot for the modified assay system in Fig. 1 also give an interaction coefficient <1 for homogentisic acid concentrations <0.1 mM which were used in the kinetic studies.
The extent of reversibility of homogentisic acid inhibition was demonstrated in the experiment where solutions of collagen substrate or lysyl hydroxylase preparation were preincubated with 15 mM homogentisic acid and then dialyzed (Table I) . Although, the activity of the enzyme mixed with 15 mM homogentisic acid nearly doubled after extensive dialysis, 50o inhibition of control activity remained in the absence of cofactors. When cofactors were added to the mixture of enzyme and homogentisic acid, the rela-1074 J. C. Murray, K. Lindberg, and S. R. Pinnell (Fig. 4) . The Ki calculated from these replots was 120-180 ,uM. Further kinetic analysis (Fig. 5) revealed a competitive type of inhibition by homogentisic acid with respect to varying concentrations of ascorbic acid. These reciprocal plots converged near the 1/V axis, and the replots of the slope and Y-intercepts against inhibitor concentration were linear.
The addition of homogentisic acid to tissue cultures of chick embryo calvaria inhibited lysine hydroxylation and subsequent formation of reducible intermolecular collagen cross-links (Fig. 6) . The formation lOM homogentisic acid. The modified assay system is described in Methods. The assay system was incubated at 37°C for 60 min.
lated to a toxic effect of homogentisic acid on the uptake of labeled lysine. The expressed percents are comparisons of values in treated samples to those of control samples. The same amount of tissue was analyzed to test the effect at each concentration.
Aliquots of the lyophilized samples which had not been hydrolyzed were digested with proteinase-free collagenase to measure newly synthesized radioactive collagen in the presence of other proteins in the tissue culture. The percent of newly synthesized collagen in Table III (control, 79%; 5 mM homogentisic acid, 74%; 1 mM homogentisic acid, 82%; 0.5 mM homogentisic acid, 84%) did not diminish appreciably. The range of dpm in the collagenase digest was from 388 to 1,494, and the range of dpm in the residue was from 265 to 653. The amount of labeled lysine incorporated at each concentration was similar except at 5 mM, the toxic effect of which lowered lysine incorporation but did not preferentially inhibit collagen biosynthesis. These concentrations of homogentisic acid did not inhibit formation of hydroxylysine or cross-links by selectively impeding collagen biosynthesis.
DISCUSSION
Inhibition of chick embryo hydroxylysine formation by homogentisic acid was measured by several methods. With the in vitro tritium-release assay system, 0.16 mM homogentisic acid inhibited 50% of hydroxylysine formation (Fig. 1) . Preliminary kinetic analysis revealed a noncompetitive type of inhibition with 1076 J. C. Murray, K. Lindberg, and S. R. Pinnell respect to collagen substrate (Fig. 3) , and reversibility of this inhibition was demonstrated by the restoration of activity after dialysis had removed homogentisic acid from mixtures with substrate. Because dialysis of mixtures of lysyl hydroxylase and homogentisic acid partially reversed inhibition of hydroxylysine formation, homogentisate bound relatively tightly to lysyl hydroxylase except in the presence of ascorbic acid which was shown to be competitive with respect to homogentisate (Fig. 5 ). It appears that the inhibition of hydroxylysine formation does not result from irreversible binding of homogentisic acid or its oxidation products to reactive sites of either lysyl hydroxylase or the unhydroxylated collagen substrate. Lysyl hydroxylase is a mixed-function oxygenase requiring 02, ferrous ion, ascorbic acid, and a-ketoglutarate. The addition of excess ferrous ion or aketoglutarate did not prevent inhibition of hydroxylysine formation by homogentisic acid. However, the addition of ascorbic acid or another reducing agent, such as 1,4-dithiothreitol, prevented the inhibition of hydroxylysine formation by homogentisic acid. Kinetic analysis revealed that homogentisic acid inhibition of hydroxylysine formation is competitive with respect to ascorbic acid concentration. The role of ascorbic acid or 1,4-dithiothreitol in the assay system for lysyl hydroxylase activity is not entirely understood. Without ascorbic acid, the assay system demonstrates minimal lysyl hydroxylase activity (11 Comparable levels of inhibition of hydroxylysine formation for the same homogentisic acid concentrations were noted in this system as those in the tritiumrelease assay system. This organ culture experiment suggests that homogentisic acid may pass through the cell membrane to interfere with the intracellular hydroxylation of lysyl residues in collagen. A diminished amount of hydroxylysine in newly synthesized collagen would be expected to be reflected in a diminution of hydroxylysine-derived collagen cross-links. Lowered amounts of intermolecular cross-links would be expected to result in decreased structural integrity of collagen fibrils. Unfortunately, fibroblasts from patients with alkaptonuria do not manifest the enzymatic defect and are unsuitable for studying the collagen biosynthetic defect (24) .
Although the hydroxylysine or cross-link content of human ochronotic collagen as well as lysyl hydroxylase activity of these tissues is presently unknown, the inhibition of hydroxylysine formation by homogentisic acid may explain the predilection of alkaptonuric complications for hydroxylysine-rich tissue. Different tissues contain characteristic types of collagen with unique hydroxylysine contents. Dermis contains mostly type I collagen which has 5.8 residues of hydroxylysine per 1,000 amino acids (25) . Articular cartilage, on the other hand, contains predominantly In Vitro Inhibition of Lysyl Hydroxylase by Homogentisic Acid 1077 type II collagen which has 14 hydroxylysine residues per 1,000 amino acids (26) . Moreover, cartilage collagen contains an intermolecular cross-link A6-dehydro-5,5'-dihydroxylysinonorleucine derived from two hydroxylysyl residues (27) . This cross-link is particularly stable because it undergoes Amadori rearrangement which permits the aldimine cross-link to be converted to a keto-amino cross-link (28) . Because collagen in articular cartilage is hydroxylysine-rich and depends upon cross-links involving two hydroxylysine residues for its structural integrity, articular cartilage might be expected to be more affected by the inhibition of hydroxylysine formation by homogentisic acid. Type II collagen also differs from type I by having a greater extent of hydroxylysine glycosylation. Studies with chick sternal cartilage have shown that of the 23 residues of hydroxylysine per 1,000 amino acids, approximately 5 are linked to glycosylgalactose and about 4 are linked to galactose (29) . Although the function of these glycosides is unknown, evidence has been presented that glycosylated hydroxylysine is involved in cross-link formation (6, 7). Cross-links derived from both one and two hydroxylysyl residues contain glycosylated derivatives that are present in varying proportions for different tissues (6) . Inasmuch as formation of hydroxylysine is critical for the attachment of carbohydrate to collagen, any reduction of hydroxylysine content by homogentisic acid would also impair formation of cross-links with glycosylated derivatives.
Another alkaptonuric complication that may involve hydroxylysine-rich collagen is cardiovascular disease. Purified pepsin-solubilized heart valve collagen a chains are similar to those of type I collagen but contain twice as much hydroxylysine and 5-10 times more carbohydrate than comparable type I collagen chains (30) . The association of cardiovascular disease in alkaptonuric patients may be explained by an increased susceptibility of hydroxylysine-rich collagen to the inhibition by homogentisic acid.
The clinical course of ochronotic complications suggests that the connective tissue deterioration is a gradual and progressive process. Because alkaptonuric patients lack homogentisic acid oxidase from birth, their tissues are exposed to excess homogentisic acid for a lifetime. Although no data is available about the long-term concentration of homogentisic acid in synovial fluid ofalkaptonuric patients, blood levels in excess of 0.1 mM homogentisic acid have been reported (31) .
If the articular cartilage is exposed to 0.1 mM homogentisic acid over several decades, a low (30%) inhibition of lysyl hydroxylase activity may compromise the structural integrity of collagen. The 
